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ABSTRACT 


The  purpose  of  this  study  was  to  determine  whether  a meaningful 
correlation  exists  between  some  quantifiable  element  of  a pilot's 
neurological  activity  and  his  performance  at  the  controls  of  an  aircraft 
with  particular  emphasis  on  degraded  performance  as  a result  of  "mental 
fatigue."  The  study  represents  the  simultaneous  development  of  two 
initially  independent  areas  of  investigation  and  their  eventual  integra- 
tion for  the  purpose  of  correlation  analysis. 

Because  the  evaluation  of  pilot  performance  has  traditionally  been 
subjective  in  nature,  a new  and  unique  system  for  quantifying  pilot 
performance  was  developed  using  the  Singer  GAT-IB  Link  Flight  ? ..  or. 

A system  was  also  developed  for  monitoring  and  recording  pilot 
neurological  functions  in  a cockpit  environment. 

Significant  changes  in  pilot  performance  and  neurological  functions 
were  observed  as  a result  of  sleep  deprivation,  holding  all  other 
factors  as  constant  as  possible.  An  apparent  trend  was  observed  relating 
changes  in  pilot  performance  to  changes  in  a pilot's  pre-flight 
neurological  state  described  in  terms  of  cross  correlation  and  coherence 
function  analysis  of  evoked  potential  tests.  Ground  work  was  laid  for 
further  investigation  into  the  possibility  of  predicting  pilot  perform- 
ance based  on  a comparison  of  the  pilot's  current  neurological  state  to 
a previously  recorded  baseline  and  developing  neurological ly  based 
criteria  for  pilot  duty  cycles. 
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CHAPTER  I 
INTRODUCTION 

The  purpose  of  this  study  Mas  to  determine  whether  a meaningful 
correlation  exists  between  some  quantifiable  element  of  a pilot's 
neurological  activity  and  his  performance  at  the  controls  of  an  air- 
craft. The  results  of  this  study  were  Intended  to  form  the  basis  for 
future  research  Into  such  areas  as  the  neurological  screening  of 
aviator/astronaut  candidates  and  neurologically-based  criteria  for 
pilot  duty  cycles. 

SIGNIFICANCE  OF  RESEARCH 

National  Transportation  Safety  Board  accident  reports  indicate 
that  pilot  fatigue  may  have  been  a contributing  factor  In  a significant 
number  of  aircraft  accidents.  In  spite  of  numerous  references  to  the 
term  "pilot  fatigue,"  however,  there  currently  exists  no  quantifiable 
means  of  defining  the  term  pilot  (mental)  fatigue.  As  a result  of 
these  limitations,  the  United  States  Armed  Forces  and  the  Federal 
Aviation  Adninistratlon  have  somewhat  arbitrarily  established  maximum 
pilot-duty  cycle  criteria  for  various  types  of  pilot  operations.  The 
standards  apply  uniformly  to  all  pilots  engaged  In  the  particular  form 
of  pilot  operations  being  governed,  without  regard  for  physiological 
and  neurological  differences  among  Individual  pilots.  It  Is  not, 
therefore,  a valid  assumption  that  all  pilots  are  capable  of  performing 
their  flight  duties  safely  merely  because  they  have  met  the  minimum 
rest  requirements  set  forth  by  the  applicable  regulations. 
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The  study  described  herein  represents  an  attempt  to  correlate 
some  element  of  a pilot's  neurological  activity  to  his  flight  perform- 
ance. If  such  a correlation  could  be  found,  the  first  step  toward 
quantifying  the  phrase  "mental  fatigue"  in  terms  of  changes  in  an 
individual's  neurological  activity  will  havo  oeen  accomplished. 

ASSUMPTIONS 

The  researcher  has  made  certain  basic  assumptions  related  to  the 
nature  of  the  problem  in  conducting  this  study.  It  is  assumed  that: 

1)  Pilot  performance  is  in  some  way  related  to  an  individual's 
neurological  functions. 

2)  Mental  and  physical  fatigue  are  two  separate  phenomena,  implying 
that  mental  fatigue  may  be  induced  without  the  onset  of  significant 
levels  of  physical  fatigue. 

3)  Not  all  pilots  develop  mental  fatigue  at  the  same  rate. 

4)  Pilot  subjects  in  a testing  environment  will  attempt  to  fly 
the  aircraft  in  the  same  manner,  applying  individual  technique  to 
maintain  personally  set  standards,  whether  rested  or  fatigued. 

5)  Given  a task  commensurate  with  his  flying  skills,  an  aviator's 
ability  to  follow  a specific  flight  path  in  an  instrument  flight 
environment  is  a function  of  his  thought  processes.  It  is  further 
assumed  that  a change  in  the  manner  in  which  an  aviator  tracks  along 
the  same  flight  path  resulting  in  more  frequent  and  extreme  excursions 
from  the  desired  path  represents  a degradation  in  individual  pilot 
performance. 

6)  Given  an  aircraft  appropriate  to  his  level  of  mechanical  flying 
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^ skill  and  experience,  an  aviator's  ability  to  fly  a specific  flight 

path  is  directly  related  to  the  mental  difficulty  of  the  problem.  It 
is  further  assumed  that  problems  causing  similar  excursions  from  the 
desired  flight  path  by  two  different,  rested  pilots  are  of  similar 
mental  difficulty  for  the  individual  pilots,  regardless  of  their  levels 
of  experience. 

7)  Pilots  being  tested  should  be  located  along  the  relatively 
horizontal  portion  of  the  learning  curve  for  the  problem  involved,  in 
order  to  eliminate  bias  to  flight  performance  measurements. 

8)  Most  significant  neurological  activity  occurs  between  the 
frequencies  of  one  and  180  (cycles  per  second). 

LIMITATIONS 

The  results  of  this  study  can  only  be  applied  to  the  specific 
group  studied.  However,  the  sample  group  is  composed  of  a reasonable 
cross-section  of  the  aviation  community  at  large,  including  male  and 
female  aviators  at  widely  varied  levels  of  pilot  experience  and  age. 
Further  research  involving  a much  larger  sample  must  be  conducted  in 
order  to  warrant  applying  the  results  to  the  population  of  aviators  at 
large. 
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CHAPTER  II.  RELATED  RESEARCH 
PROCESSING  NEUROLOGICAL  SIGNALS 

Although  the  concept  of  frequency  analysis  of  EEG  (electroencephalo- 
gram) data  has  been  around  for  quite  some  time,  serious  efforts  to  apply 
such  techniques  have  evolved  only  within  the  past  decade.  As  early  as 
1932  Dr.  G.  Dietsch,  a physicist,  was  performing  analysis  of  normal 
and  pathological  EEGs.^  By  1938  Drs.  Grass  and  Gibbs  had  developed  a 
method  of  EEG  spectral  analysis  using  analog  filters. ^ However,  it  was 
not  until  the  advent  of  the  low-cost  digital  computers  and  the  applica- 
tion of  the  Fourier  Transform  algorithm  that  a practical  system  was  made 
available  to  investigators  for  EEG  analysis. ^ Technological  advances  in 
the  field  of  digital  time-series  analysis  have  provided  the  basis  for 
the  development  of  a new  generation  of  spectral  analyzers  capable  of 
evaluating  a multitude  of  functions  in  a real  time  environment.**  These 
functions  include  the  Forward  and  Inverse  Fourier  Transform,  the  Transfer 
Function,  the  Auto  and  Cross  Spectrum,  the  Auto  and  Cross  Correlation, 
and  the  Coherence  Function. 

It  is  significant  that  prior  to  the  development  of  the  Fast  Fourier 
Transform  algorithm  by  Cooley  and  Tukey  in  1965,  EEG  analysis  had 

primarily  been  conducted  in  the  time  domain  since  low  frequency  analog  , 

filters  are  difficult  to  use.  The  development  of  the  FFT  algorithm  ' 

literally  added  another  dimension  to  EEG  signal  processing  by  providing  J 

for  signal  analysis  in  the  frequency  domain.  These  new  capabilities  in 
digital  time-series  analysis  also  opened  a new  and  controversial  field  | 

of  research  dealing  with  the  optimization  of  EEG  analysis  techniques.  ^ 

I 


5 

The  variety  of  functions  available  to  the  research  in  evaluating 
neurological  phenomena  creates  a problem  in  determining  which  functions 
provide  meaningful  information  and  what  the  significance  of  that 
information  actually  is. 

Although  many  investigators  continue  to  examine  EEG  signals  in 
the  time  domain,  a considerable  amount  of  interest  has  recently  been 
focused  upon  frequency  domain  analysis. 

Dr.  Enoch  Callaway,  of  the  Langley  Porter  Neuropsychiatric  Insti- 
tute, continues  to  measure  evoked  potential  (EP)  latency  with  a zero- 
crossing technique  while  researchers  at  the  Naval  Academy  prefer  cross 
correlation  techniques. Dr.  Callaway  chooses  to  evaluate  differences 
between  EPs  from  homogeneous  sites  on  opposite  sides  of  the  scalp 
through  asymmetry  calculations,  while  other  laboratories  extract  similar 
information  from  cross  spectrum  analyses.^® 

Yet  another  area  of  controversy  in  the  field  of  neurological 
signal  processing  is  the  question  of  what  length  of  sample  should  be 
taken  and  what  portions  of  the  signal  yield  meaningful  information. 

Dr.  Duilio  Giannitrapani  of  Duke  University  has  devoted  a 
significant  amount  of  research  to  the  problem  of  optimizing  spectral 
analysis  of  EEG  information.  Because  of  equipment  constraints,  he  has 
chosen  to  analyze  one  8-second  artifact-free  record  from  each  of  16 
scalp  locations  tested  In  a spectral  determination  from  one  to  33 
In  contrast,  researchers  at  the  United  States  Naval  Academy  have 
examined  from  32  to  256-second  averages  from  one  to  180  H2*  and  even 
as  high  as  400  H2  with  the  Spectral  Dynamics  SD-330  and  SD-360  spectral 
analyzers.  Still  other  researchers,  such  as  Dr.  Callaway,  prefer  to  deal 
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with  average  evoked  potentials  (EP)  from  a specific  number  of  light 
flashes. 

Going  beyond  the  question  of  optimizing  the  EEG  analysis  techniques, 
some  researchers  have  even  made  clinical  applications  of  newly  developed 
processing  techniques.  Among  these  was  Dr.  Jean  Gotman  of  the  Montreal 
Neurological  Institute. These  researchers  have  taken  positive  steps 
toward  classifying  brain  wave  characteristics  so  that  abnormalities  in 
these  characteristics  become  readily  apparent  using  their  processing 
techniques. 

RELATING  BRAIN  WAVES  TO  HUMAN  BEHAVIOR 

In  1966  Dr.  R.  J.  Ellington  stated  that  "no  study  has  been  done 
conclusively  showing  the  relationship  between  any  feature  of  the 
normal  adult  EEG  recorded  under  standard  conditions  and  any  personality 

trait  or  variable  Since  alpha  and  beta  activity  appear  to  be 

quite  primitive  functions  of  neural  tissue,  it  is  difficult  to 
believe  that  any  measure  will  be  found  to  correlate  with  any  of  the 
dimensions  of  so  complex  and  logenetically  recent  an  entity  as  the 
human  personality."^ 

In  1969  Primbram  stated,  "Changes  in  EEG  frequency  relate  more 
to  the  balance  between  cellular  synchrony  and  desynchrony  than  to  the 
specific  information  content  of  a signal.  If  recorded  with  adequate 
resolution,  they  may  indicate  where  the  action  is,  but  not  what  the 
action  is  all  about. Yet  even  though  it  is  unlikely  that  current 
EEG  measurement  techniques  will  ever  provide  the  capability  of  inter- 
preting the  meaning  of  individual  thought  processes,  researchers  have 
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demonstrated  the  ability  to  extract  data  from  EEG  signals  as  to  the 
manner  in  which  the  brain  conducts  its  Information  processing.  In  fact, 
it  is  this  approach  of  examining  the  brain's  information  processing 
characteristics  which  most  investigators  have  chosen  to  adopt  in  their 
study  of  relating  brain  waves  to  human  behavior. 

In  1936,  Davis  reported  that  a high  alpha  index  was  characteris- 
tically associated  wtih  a passive,  dependent,  negative  attitude  toward 
other  persons,  while  a low  alpha  index  generally  indicated  a consistent, 
well-directed,  freely  indulged  drive  to  activity. ^ In  1942,  Rubin  and 
Bowerman  verified  these  findings  with  tests  on  peptic  ulcer  patients. 

In  1949,  Saul,  using  a psychoanalytic  approach  in  searching  for 
correlates  of  personality  with  EEG  patterns,  found  trends  opposing 
those  found  by  Davis,  Rubin  and  Bowerman.** 

In  1956,  Kennard  reported  significant  differences  in  frequency 
pattern  distributions  between  groups  having  different  personality 
characteristics. *♦  Lack  of  agreement  with  respect  to  the  significance 
of  these  findings  prompted  Ellington  to  comment  on  the  lack  of  validity 
in  these  findings  as  previously  mentioned. 

In  1975,  Midshipman  W.  A.  Woods  found  several  areas  of  signif- 
icantly different  visually  evoked  potentials  between  groups  of  Naval 
Academy  midshipmen  showing  psycho log leal /motivational  test  differences. ^ 
In  spite  of  those  individual  findings,  however,  it  has  yet  to  be 
proven  that  a definite  relationship  exists  between  personality  test 
measures  and  neurological  frequency  spectra. 

With  respect  to  Intelligence,  several  correlations  have  been  made 

I 

between  EEG  information  an4  Intelligence  test  measurements.  In  1968, 
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Bennet  reported  a correlation  coefficient  of  .593  in  relating  an 
individual's  dominant  brain  wave  frequency  ("mode  frequency")  to  the 
Wechsler  adult  intelligence  scale  measurement,  with  I.Q.  increasing 
with  mode  frequency.®  Ertl  found  in  1969  correlations  from  0.30  to 
0.50  between  I.Q.  test  scores  and  parameters  at  visual  evoked  potentials 
in  a sample  of  300  children  between  the  ages  of  86  to  185  months.^ 

In  terms  of  individual  performance.  Midshipman  Charles  Hill 
detenmined  in  1975  a correlation  of  .560  between  individual  "through- 
put latency"  (TPL)  and  grade  point  average  (GPA)  in  a group  of  77 

I 

midshipmen  at  the  U.  S.  Naval  Academy.®  In  1976,  Dr.  Enoch  Callaway 
noted  significant  differences  in  the  parameters  of  evoked  potential 
between  successful  and  unsuccessful  subjects  in  a Navy  remedial  reading 
program  and  again  observed  similar  results  in  a 1977  study  of  aptitude 
among  Navy  recruits.®*^®  In  1961,  the  Navy  observed  significant 

differences  between  individual  EEC's  of  pilots  with  a history  of  i 

accidents/incidents  and  a control  group  of  1375  aviation  candidates. ^ 
Dinard  and  Oefoyolle  achieved  a correlation  of  .79  between  I.Q. 
and  average  evoked  potential  (AEP)  by  compiling  the  AEP  measure  to  a j 

task  which  itself  was  a good  measure  of  I.Q.  of  some  100  subjects.^® 

In  general,  there  has  been  a vast  amount  of  research  done  in  | 

looking  for  correlations  between  individual  EEC's  and  personality 

potential,  and  performance.  Unfortunately,  there  has  been  very  little  ' 

significant  research  into  the  question  of  what  happens  to  an  individual's  | 

neurological  activity  as  his  physical  and  mental  states  change  affect- 
ing his  performance  of  various  tasks.  One  such  study  by  Midshipman  | 

C.  A.  Hill  studied  differences  in  individual  EEC's  before  and  after  ^ 

I 


9 


being  fatigued  by  the  Harvard  Step  Test.  Hill  found  a decrease  in  the 
level  of  high  frequency  (beyond  60  H^)  neurological  activity  in  most 
individuals  after  physical  exertion.®  The  investigator  has  yet  to 
find,  however,  evidence  of  research  into  the  area  of  individual  differ- 
ences in  neurological  activity  while  rested  and  mentally  fatigued  by 
long  periods  of  mental  exertion. 

PILOT  PERFORMANCE  EVALUATION 

The  evaluation  of  pilot  performance  has  historically  been  a largely 
subjective  matter.  Pilots  have  traditionally  been  graded  by  flight 
instructors  who  base  their  evaluations  of  their  student's  performance 
upon  their  own  perceptions  of  the  task  being  executed.  These  percep- 
tions are  influenced  by  any  number  of  factors  affecting  the  instructor's 
physical  and  mental  state.  What  might  be  perceived  as  acceptable  one 
day  could  just  as  well  be  unsatisfactory  the  next. 

In  licensing  and  examining  civilian  pilots,  the  Federal  Aviation 
Administration  continues  to  evaluate  pilot  performance  using  the 
subjective  opinions  of  designated  examiners.^  Conmercial  airline 
flight  crews  continue  to  be  evaluated  by  FAA  personnel  riding  on  the 
aircraft's  flight  deck.^  Specific  tolerance  limits  have  been  establ- 
lished  regarding  deviations  from  the  desired  flight  path;  however, 
since  many  activities  occur  during  a check  ride  it  is  possible  that 
out-of-tolerance  deviations  may  go  unnoticed  by  both  the  pilot  and  the 
examiner.  The  in-flight  evaluation  of  military  air  crews  is  currently 
being  conducted  in  this  same  manner.® 
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With  the  advent  of  modern  flight  simulators  capable  of  realis- 
tically reproducing  any  situation  encountered  in  actual  flying  condi- 
tions, efforts  have  been  made  to  provide  instructors  and  examiners  with 
some  form  of  record  of  each  flight  for  post-flight  evaluation  and 
debriefing.  Many  simulators  produce  hard  copy  records  showing  plan 
and  profile  views  of  the  aircraft's  flight  path  in  the  time  domain,** 
Some  even  record  the  number  of  excursions  and  the  furthest  excursion 
from  pre-established  tolerances.**  However,  the  evaluation  of  this 
data  has  remained  a subjective  matter.  Using  the  present  system,  the 
instructor  or  examiner  must  still  make  judgments  based  on  his  own 
experience  in  grading  air  crew  performance.^ 


I 
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CHAPTER  III.  METHODS  AND  PROCEDURES 
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The  objective  of  this  study  was  to  determine  whether  a meaningful 
correlation  exists  between  an  individual  pilot's  performance  at  the 
controls  of  an  aircraft  and  some  quantifiable  element  of  his  neurolog- 
ical activity.  The  project,  which  in  itself  was  composed  of  two  major 
individual  projects;  flight  performance  evaluation  and  neurological 
signal  analysis,  required  the  coordination  of  effort  in  seven  specific 
areas: 

1)  The  development  of  a system  to  provide  a quantifiable  measure 
of  flight  performance; 

2)  The  design  of  a system  capable  of  in-flight  (simulated  or  actual) 
neurological  data  collection; 

3)  The  development  of  a neurological  signal  processing  system 
utilizing  the  Spectral  Dynamics  SD  360  Real  Time  Analyzer; 

4)  The  identification  of  the  subjects  to  be  tested; 

5)  The  development  of  an  experimental  test  plan; 

6)  The  implementation  of  the  test  procedures  and  data  collection; 
and 

7)  The  analysis  of  the  data  collected  applying  several  advanced 
times  series  analysis  algorithms. 

This  chapter  describes  the  activities  and  decisions  involved  in 
the  completion  of  each  element  of  the  project. 
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FLIGHT  PERFORMANCE  ANALYSIS 

Until  recently,  the  problem  of  grading  pilot  performance  has  been 
a purely  subjective  matter.  Flight  instructors  and  examiners  have 
traditionally  graded  pilots  based  upon  their  own  perceptions  of  an 
individual's  flight  performance.  Many  factors  ranging  from  racial  or 
sexual  prejudice  to  personal  preference  in  pilot  technique  have  biased 
and  continue  to  bias  this  type  of  grading  system.  A well  known 
expression  in  the  aviation  ccmnunity  states  that  "...  a student  must 

learn  to  fly  differently  with  each  instructor  he  flys  with " To 

achieve  the  primary  goal  of  this  study,  however,  a more  objective 
system  had  to  be  developed  for  quantifying  pilot  performance. 

In  quantifying  pilot  performance,  the  basic  goal  of  flying  must 
be  considered.  Each  time  a pilot  intentionally  provides  an  input  to 
the  controls  of  an  aircraft  it  is  with  one  purpose  in  mind  - to  direct 
the  aircraft  along  a desired  flight  path.  Applying  this  information, 
it  may  logically  be  inferred  that  pilot  performance  is  a measure  of 
how  well  a pilot  directs  his  aircraft  along  the  desired  flight  path. 

The  flight  path  may  be  selected  by  the  pilot  or  his  instructor,  or  it 
may  be  directed  by  the  authority  controlling  the  air  space  through 
which  the  aircraft  is  transiting.  The  magnitude  of  the  pilot's 
excursions  from  the  desired  flight  path  may  also  be  limited  by  regula- 
tions or  personal  discipline.  In  general,  regulatory  agencies,  such 
as  the  Federal  Aviation  Adninistration  or  the  military  training 

commands,  establish  tolerances  which  a pilot  may  not  exceed  during  | 

check  flights  for  pilot  certification,  but  it  is  impractical  to  attempt 
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to  apply  these  standards  to  everyday  flight  operations.  Ground  control- 
lers have  neither  the  information  available  nor  the  time  to  monitor 
this  closely  the  activities  of  all  the  aircraft  they  control.  It  is, 
therefore,  the  pilots  themselves  who  generally  set  the  tolerances  within 
which  they  will  fly. 

Another  point  to  consider  with  respect  to  flight  path  tolerances 
is  the  fact  that  the  position  of  the  aircraft  determined  from  the 
aircraft's  instruments  rarely  agrees  exactly  with  the  aircraft  position 
indicated  by  ground  equipment.  For  this  reason,  ground  personnel 
separate  aircraft  operating  under  their  control  by  more  than  adequate 
distances  to  provide  for  safe  flight  operations.  The  significance  of 
this  point  is  not,  however,  the  effect  of  these  differences  upon  ground 
personnel  observations,  but  that  to  provide  an  objective  system  for 
measuring  pilot  performance,  deviations  from  the  desired  flight  path 
must  be  measured  with  respect  to  the  pilot's  frame  of  reference  - the 
aircraft's  instrument  indications.  The  same  is  true  with  respect  to 
flights  conducted  in  simulators  as  there  are  often  differences  between 
instrument  and  recording  equipment  indications.  This  principle  provides 
the  basis  for  a quantifiable  pilot  performance  grading  system  developed 
for  this  study.  The  grading  system  utilizes  an  amplitude  distribution 
function  of  the  deviations  from  the  desired  flight  path. 

The  pilot  performance  monitoring  system  developed  for  this  project 
consisted  of  four  elements: 

1)  The  Singer  GAT-IB  Flight  Simulator's  circuit  boards; 

2)  A Gould  Brush  200,  4 channel  strip  chart  recorder; 

3)  A Honeywell  Saicor  SAI-43A  Correlation  and  Probability  Analyzer, 
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and 

4)  A Hewlett-Packard  7044A  X-Y  Recorder. 

These  elements  were  combined  to  produce  hard  copy  records  of  the 
percentage  of  time  that  an  aviator  remained  within  any  given  set  of 
tolerances  about  the  desired  flight  path. 

Flight  path  information  was  observed  relative  to  the  pilot's 
frame  of  reference  by  taking  electrical  outputs  from  the  simulator's 
instrument  drive  circuit  boards.  These  electrical  signals  were  then 
input  to  the  Gould  Zero  Suppression  potentiometers  where  an  "on-flight 
path"  indication  on  the  pilot's  instruments  was  set  to  zero  voltage. 
Any  deviations  from  the  desired  flight  path  thus  appeared  as  either 
positive  or  negative  voltages  at  the  pen  drive  output  from  the  Brush 
recorder.  These  positive  and  negative  voltages  from  the  Brush  pen- 
drive  were  then  input  to  the  SAICOR  SAI-43A  where  an  amplitude  distri- 
bution histogram  was  computed.  Examples  of  time  domain  and  amplitude 
histogram  records  of  pilot  performance  are  shown  in  Figures  1 and  2. 

The  amplitude  distribution  histogram  represents  the  integral  of 
the  amplitude  density  histogram  from  negative  infinity  to  the  point 
where  the  function  is  evaluated  with  the  experimental  apparatus  set 
up  as  described.  The  amplitude  density  histogram  represents  the 
relative  amount  of  time  that  the  pilot  flies  at  any  given  deviation 
from  the  desired  flight  path.  A typical  example  is  shown  in  Figure  2. 
The  distribution  function,  as  shown  in  Figure  3,  may  therefore  be 
normalized  and  used  to  indicate  the  percentage  of  the  total  time  that 
a pilot  spends  outside  any  specified  limits  about  the  desired  flight 
path. 
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Figure  1 

This  figure  represents  the  time  domain  record  of  indiciated 
altitude  as  the  pilot  attempts  to  maintain  a specified  altitude 
shown  as  the  centerline  of  the  graph. 
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Specified 

Altitude 


Figure  2 

This  figure  is  a typical  Amplitude  Density 
togram  record  of  a pilot's  attempts  to  maintain 
pecified  altitude  over  a prolonged  period. 
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Considering  the  application  of  the  equipment  and  techniques 
described,  several  inferences  can  be  made  concerning  the  interpretation 
of  recorded  pilot  performance  data: 

1)  By  following  the  desired  flight  path  without  deviations,  the 
resulting  distribution  histogram  would  produce  a vertical  line  at  the 
point  representing  the  "no  voltage"  or  "on  course"  signal  (i.e.  the 
pilot  flies  the  aircraft  100  percent  of  the  time  exactly  on  course); 

2)  By  never  flying  along  the  desired  flight  path,  the  distribution 
histogram  would  be  a horizontal  line  passing  through  either  zero  or  100 
percent  indicating  that  the  pilot  remains  biased  to  one  side  of  a given 
parameter  and  never  crosses  to  the  other  extreme; 

3)  The  point  on  the  X-axis  where  the  value  of  the  histogram  becomes 
greater  than  zero  and  the  point  where  the  value  becomes  100  percent 
represent  the  points  of  furthest  excursion  from  the  desired  flight  path; 

4)  The  slope  of  a straight  line  fit  to  the  points  of  the  distribu- 
tion histogram  curve  represents  the  magnitude  and  duration  of  the 
excursions  from  the  desired  path  that  the  pilot  is  willing  to  accept 
under  the  given  set  of  circumstances  ...a  vertical  line  indicating  no 
excursions  from  a specific  flight  path;  and 

5)  the  abscissa  value  at  the  50  percent  point  indicates  the  mean 
path  about  which  the  pilot  flies  the  aircraft;  thus  any  difference 
between  this  value  and  the  desired  path  value  represents  individual 

rf  pilot  bias  with  respect  to  the  given  parameter.  A graphic  presentation 

I 

of  the  above  is  displayed  in  Figure  3. 

[ By  tapping  the  appropriate  points  on  the  Link  Flight  Simulator's 

circuit  boards  the  researcher  was  able  to  extract  and  calibrate  signals 
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ft)  Individual  Pilot  Bias 


Figure  3. 

(2)  m=AY/AX=the  slope  of  an  approximate  least  squares 
fit  to  the  curve 

O)  the  pilot  flew  24‘;i  of  the  graded  period  at  least  50 
ft.  above  the  specified  altitude 

(4)  the  pilot  flew  6%  of  the  graded  period  at  least  50 
ft.  below  the  specified  altitude 
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to  correlate  specific  instrument  indications  to  the  desired  flight  path 
line  on  the  distribution  histogram.  As  the  pilot  extracts  flight  path 
information,  through  proper  use  of  his  instruments,  calibrated  signals 
representing  air  speed,  altitude,  rate  of  climb,  heading,  turn  rate, 
course  deviation  and  glide  slope  deviation  were  more  than  adequate  to 
describe  all  flight  path  parameters  in  the  normal  operating  regime. 
Realizing  that  no  more  than  three  of  these  instruments  produce  meaning- 
ful information  at  any  given  time,  the  outputs  from  these  instruments 
were  initially  divided  into  three  groups:  1)  air  speed;  2)  altitude, 

rate  of  climb,  and  glide  slope  deviation;  and  3)  heading,  turn  rate, 
and  course  deviation. 

Upon  closer  examination  of  the  flight  parameters  and  pilot  techniques 
encountered  during  most  normal  operations,  it  was  recognized  that:  1)  air 

speed  and  2)  altitude,  rate  of  climb,  and  glide  slope  deviations  are 
related.  Although  further  examination  of  this  relationship  shows 
potential  for  the  development  of  a quantifiable  definition  of  pilot 
"smoothness"  and  "precision,"  time  and  equipment  constraints  prevented 
this  investigation  from  being  further  pursued  during  this  study.  It 
was,  therefore,  decided  to  eliminate  air  speed  information  from  the 
pilot  performance  grading  system.  Based  upon  the  assumption  that  a 
pilot's  attitudes  toward  the  significance  of  instrument  indications 
remain  unchanged  from  one  flight  to  the  next,  it  was  further  decided 
that  a single  instrument  indication  could  be  used  as  a measure  of  flight 
performance  provided:  a)  the  subject  was  unaware  of  which  instrument 

indication  was  being  monitored,  and  b)  the  same  type  maneuver  was 
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Although  information  from  six  independent  indications  was  available,  it 
was  therefore  decided  that  during  constant  altitude  maneuvers,  altitude 
alone  could  be  used  to  provide  a valid  indication  of  pilot  performance. 
This  decision  was  applied  to  the  experimental  test  plan  as  a result  of 
the  investigator's  workload  and  time  constraints  during  experimentation. 
It  was  recognized,  however,  that  errors  in  heading,  turn  rate  and  course 
deviations  would  not  be  accounted  for  using  this  procedure.  For  this 
reason,  a subjective  grade  based  upon  the  traditional  approach  to  pilot 
performance  guiding  was  assigned  by  the  researcher,  a certified  flight 
instructor  having  over  1000  hours  of  flying  experience.  The  subjective 
grade,  initially  100  percent  and  diminished  by  ten  percent  for  any 
gross  error  which  might  endanger  the  safety  of  the  flight  during  actual 
instrument  flight  conditions,  was  later  factored  into  the  total  flight 
performance  grade  along  with  the  quantifiable  elements. 

It  was  further  determined  that  differences  in  individual  pilot 
techniques  and  attitudes  fostered  by  the  non-uniformity  of  instructional 
programs  throughout  the  aviation  community  rendered  pilot  performance 
grades,  based  only  upon  deviations  from  absolute  flight  path  limits. 
Inadequate.  The  very  nature  of  certain  types  of  flying  creates  biases 
in  pilot  attitudes  related  to  deviations  from  an  assigned  altitude.  On 
a bombing  pass  or  instrument  cross-country  flight  at  minimum  obstruction 
clearance  altitude,  it  is  safer  to  fly  above  an  assigned  altitude  than 
below  it.  Conversely,  on  Instrument  approaches  some  pilots  capable  of 
excellent  altitude  control  have  developed  the  habit  pattern  of  flying 
slightly  below  minimum  authorized  altitudes  hoping  to  complete  an 
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approach  which  might  otherwise  be  missed.  Likewise,  formation  flying 
requires  that  gentle  corrections  be  made  for  altitude  deviations  thus 
inducing  greater  oscillations  about  the  desired  flight  path  than  for  a 
single  aircraft  on  a precision  approach  under  poor  meteorological 
conditions. 

For  these  reasons,  it  was  decided  that  the  most  objective  indication 
of  pilot  performance  should  be  determined  from  a criterion  function 
based  upon  each  ouantifiable  element  and  the  subjective  flight  perform- 
ance grade.  The  function  was  designed  with  normalized  variables  and 
weightings  to  produce  a score  of  100  percent  with  perfect  flight  path 
tracking  and  no  gross  safety  errors.  A summary  of  the  weightings  and 
normalizing  techniques  shown  in  Table  1 indicates  the  heavy  emphasis 
upon  objectiveness  in  the  criterion  grading  function. 


TABLE  1 
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IN-FLIGHT  NEUROLOGICAL  DATA  COLLECTION 

Although  a proven  system  for  collecting  and  recording  neurological 
signals  in  the  form  of  a two-channel  EEG  (Electroencephalogram)  was 
already  in  use  at  the  Naval  Academy  prior  to  the  inception  of  this 
project,  the  system  required  significant  modification  to  make  it  accept- 
able for  use  in  the  cockpit  environment. 

It  was  desirable  from  the  standpoint  of  both  safety  and  practicality 
to  power  the  system  from  an  independent  source.  As  only  a few  millivolts 
of  potential  are  required  to  do  significant  damage  to  brain  tissue,  with- 
out the  knowledge  of  either  the  subject  or  the  investigator,  it  was 
decided  that  an  independent  D.C.  power  supply  would  reduce  the  risk  of 
the  pilot  inadvertently  becoming  part  of  an  electrical  circuit  grounding 
the  power  supply.  The  independent  power  supply  was  also  desirable  for 
the  airborne  study  of  neurological  phenomena  because  of  the  unavailabil- 
ity of  a suitable  power  supply  for  previously  used  systems  in  most  light 
aircraft.  An  independent  battery  supply  system  for  the  Grass  EEG 
amplifiers  using  rechargable  Nickel-cadmium  batteries  was  designed  and 
built  by  the  Grass  Corporation. 

Because  of  the  inherently  high  levels  of  60  and  400  "noise" 
in  the  GAT-1B  flight  simulator  cockpit,  a wire  mesh  shield  had  to  be 
designed  and  built  for  the  electrical  leads  connecting  the  electrodes 
on  the  pilot's  scalp  to  the  EEG  amplifiers.  The  amplifiers  themselves 
were  likewise  shielded  using  aluminum  foil.  The  result  of  this  shielding 
was  a 25  dB  reduction  in  60  H2  noise. 

With  the  exception  of  these  two  modifications,  the  EEG  recording 
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system  used  for  this  study  was  essentially  the  same  system  used  by 
Trident  Scholars  Hill  (1975)  and  Olson  (1974)  in  their  research.  Gold- 
plated  electrodes  attached  with  an  electrically  conductive  paste  to  the 
subject's  scalp  at  locations  01-C3  and  02-C4  (see  figure  4)  were 
connected  to  two  Grass  P-511  EEG  amplifiers  through  shielded  cables. 

The  outputs  of  the  EEG  amplifiers  were  transmitted  by  coaxial  cables  from 
the  flight  simulator  cockpit  to  the  Vetter  C-4  cassette  recorder  at  the 
researcher's  control  station.  Signals  from  the  left  and  right  hemispheres 
of  the  brain  were  recorded  on  channels  two  and  four,  respectively.  With 
the  recorder  calibrated  for  unity  gain,  neurological  signal  analysis 
could  be  conducted  on  or  off-line  using  either  the  SD-360  or  the  SAI- 
43A  time  series  analyzers.  Two  Hewlett  Packard  model  1201A  Dual  Trace 
Oscilloscopes  were  also  an  integral  part  of  the  control  station  provid- 
ing a monitor  of  raw  brain  wave  and  strobe  information. 

Visual  stimulus  for  producing  evoked  responses  in  the  brain  was 
provided  by  a strobe  light  mounted  on  the  nose  of  the  flight  simulator 
where  the  flashes  were  directed  toward  the  pilot's  eyes  through  the 
translucent  covering  of  the  forward  windshield.  The  strobe  was  triggered 
by  a Grass  PS-22  photo  stimulator,  and  the  flash  rate  controlled  by  a 
Spectral  Dynamics  model  SD-104  sweep  generator  located  at  the  control 
station.  Strobe  flashes  were  monitored  from  an  output  of  the  PS-22 
and  recorded  simultaneously  with  the  subject's  brain  waves  in  channel 
three  of  the  Vfetter  recorder. 

In  addition  to  neurological ly  related  equipment,  the  control  station 
also  consisted  of  flight  control  and  performance  monitoring  equipment. 


INTERNATIONAL  (10-20)  ELECTRODE  PLACEMENT 
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An  X-Y  plotter  provided  horizontal  position  information  similar  to  that 
displayed  on  an  air  traffic  controller's  radar  screen  while  a closed- 
circuit  television  monitored  cockpit  activities  and  displayed  flight 
instrument  indications.  A microphone  and  speaker  available  at  this 
station  provided  simulated  two-way  radio  cotnnuni cations  with  the  pilot. 

The  flight  performance  monitoring  equipment  described  in  the  previous 
section  was  also  located  at  the  control  station. 

A graphical  presentation  of  the  neurological  signal  processing  and 
recording  system  is  presented  in  figure  4.  Photographs  of  the  equipment 
described  as  arranged  for  operation  are  shown  in  figures  5 - 10. 

NEUROLOGICAL  SIGNAL  PROCESSING  SYSTEM 

The  Spectral  Dynamics  SO- 360  Real  Time  Analyzer  was  the  key  element 
in  the  neurological  signal  processing  system  developed  for  this  project. 

In  an  attempt  to  best  utilize  the  assets  of  this  analyzer,  the  following 
information  was  recorded  for  each  subject:  (a)  more  than  256  seconds  of 

resting  EEG,  eyes  closed  in  a dark  room  (b)  EEG  and  strobe  monitor  out- 
puts with  eyes  closed  during  a 256  second  log  sweep  from  13  to  26 
(1  octave),  and  (c)  256  seconds  of  in-flight  EEG,  eyes  open,  during 
each  segment  of  graded  flight.  The  analysis  of  data  collected  during 
the  development  of  an  experimental  test  plan  revealed  that  the  evaluation 
of  functions  related  to  strobe  inputs  produced  no  meaningful  information 
when  the  subject  had  his  eyes  open  and  was  concentrating  on  a task  other 
than  watching  the  strobe.  In-flight  strobing  was  therefore  eliminated 
from  the  neurological  data  recorded. 
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FIGURE  5 Link  Flight  Simulator 

: a)  Overhead  Harness  for  Transmitting  Neurological 

and  Flight  Data  Signals, 

b)  EEG  Amplifiers  on  Far  Side  of  Student's  Seat, 

c)  Strobe  Light  Mount  on  Nose  of  Aircraft. 
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FIGURE  6 - Right  Side  of  Control  Station 

(Left  to  right  and  top  to  bottom)  Equipment  consists  of: 
a)  Remote  Television  Monitor  of  Aircraft  Instruments 
located  atop  of  the  b)  SD-360  Analyzer,  c)  A vertically 
Mounted  Flight  Path  Recorder  with  Associated  Instructor 
to  Pilot  Comnuni cations  Equipment,  d)  A X-Y  Plotter  for 
Producing  Hard  Copy  Real  Time  Analyzer  (RTA)  Information, 
and  e)  Oscilloscopes  and  Associated  Cameras  for  Monitoring 
RTA  and  Waterfall  Displays. 
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FIGURE  7 - Left  Side  of  Control  Station 

(Left  to  right  and  top  to  bottom)  Equipment  consists  of: 
a)  Strip-Chart  Recorder  and  X-Y  Plotter  for  Hard  Copy 
Histogram  Information,  b)  Strobe  Frequency  Counter,  c) 

Low  Pass  (less  than  lOK  H,)  Filters,  d)  SAI-43  and 
Oscilloscope  Monitor,  e)  Flight  Data  Recorder,  f)  Strobe 
and  Neurological  Signal  Oscilloscope  Monitors,  g) 

Neurological  Signal  Recorder,  h)  Log-Sweep  Generator  (Strobe) 
and  Amplifier,  and  i)  Time  Domain  Flight  Data  Monitor 
(Gould  Strip  Chart  Recorder). 


< 
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FIGURE  8 - Pilot  Station  Inside  Simulator 
(Note  EEG  Amplifiers  to  left  of  seat) 
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FIGURE  9 - Shielded  Electrode  Harness 
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FIGURE  10 


Remote  Television  Monitor  and  Electrode 
Attachment  Points  Behind  Pilot's  Seat 


34 


The  techniques  used  in  analyzing  the  neurological  signals  collected 
during  this  project  entailed  the  use  of  five  functions  available  with 
the  SD-360:  (1)  the  auto  spectrum,  (2)  the  cross  spectrum, (3)  the  cross 

correlation  function,  (4)  the  coherence  function,  and  (5)  the  waterfall 
display  of  auto  spectrum.  The  auto  spectrum  of  a wave  form  (Gj^^)  is 
simply  the  magnitude  squared  of  the  forward  Fourier  transform  of  a wave 
form  (see  figure  11).  It  takes  a signal  composed  of  its  many  Fourier 
components  in  the  time  domain  and  transforms  it  to  the  frequency  domain. 
(For  a geometrical  interpretation  of  auto  spectrum,  see  figure  12.) 

The  cross  spectrum  of  two  wave  forms  is  simply  a mathematically 
more  sophisticated  version  of  the  auto  spectrum.  Whereas  in  computing 
the  auto  spectrum  a complex  quantity  representing  the  wave  form  (X(j(u)  = 
Pa  jQa^  is  multiplied  by  its  complex  conjugate  (X*(ju)  = Pa  - jQa) 
produce  the  auto  spectrum  function,  the  cross  spectrum  involves  two  wave 
forms  (X(jw)  = Pa  + JQa  Y(ju)  = Pg  + JQg)  and  is  equal  to  the 
product  of  one  wave  form  and  the  complex  conjugate  of  the  second 
(X(j.„)  • Y*(j(o)  = GAg(w)  * (Pa  + figure  11). 

The  coherence  function  attempts  to  identify  that  portion  of  measured 
cross  spectrum  related  to  the  measured  input  and  output  power  spectra. 

Represented  by  the  equation  Yyy^  " - T . . .,  the  function 

“xx'“'  “yy 

can  be  seen  by  definition  1 li-  , = I ^ v 

I(P^  t - J0*)T 

l(p,  - JQ,)(Pb*JQb)I 
” J5bT! 


to  equal  unity  for  each  data  sample.  By  independ- 


IRREVERSIBLE  PATH 


SPECTRUM 

= lX(ja,)l? 

§dd(w)  = |Y(jw)P 


COHERENCE 

I 


§ — 

^AA  ^BB 


WHERE; 

Co-spectrum  Sp^^  = P^Pg  + Q^Qg  (Real) 
Quadrature  Sq^^  = PgQ^  - P^Qg  (Imag.) 


NOTE:  For  cross  functions,  relative  phase  Is  conserved  but  as  In 
auto  functions,  absolute  ^ase  is  Tost 


FIGURE  11 
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ently  averaging  the  quantities  6xx(w),  iGyx(jai)|,  and  6yy(u>),  the 
function  is  also  equal  to  unity  where  the  output  and  input  are  related 
by  an  amplitude  independent  linear  transfer  function.  However,  values 
Uss  than  unity  are  obtained  where  response  signals  other  than  those 
related  to  the  true  forcing  function  are  contributing  to  system  output. 
This  is  precisely  the  case  in  the  analysis  of  the  brain  as  a system 
where  a strobe  pulse  is  the  input  and  the  evoked  response  to  that  pulse 
mixed  with  the  subject's  normal  neurological  activity  is  the  output. 
Systems  simulations  applying  a swept  frequency  signal  as  the  input  and 
the  same  signal  mixed  with  noise  as  the  output  revealed  that  the  coherence 
function  could  be  applied  in  this  manner  to  determine  the  percentage 
of  output  signal  produced  by  the  input,  (see  also  figure  11) 

The  auto  correlation  function  is  concerned  with  the  similarity 
between  a wave  form  and  the  time  shifted  version  of  itself.  The  value 
of  the  function  at  time  zero  is  obtained  by  taking  a sample  of  the  wave 
form  and  its  time  shifted  version  at  the  same  instant  in  time,  multiply- 
ing the  ordinates  of  the  wave  forms,  and  summing  the  products  over  the 
length  of  the  sample.  One  of  the  wave  forms  is  held  constant  to  establish 
a zero  time  reference  while  the  other  is  time  shifted  along  the  sample 
interval  to  produce  consecutive  values  of  the  function.  The  resulting 
auto  correlation  function  represents  the  relationship  between  the  input 
wave  form  and  the  tip^e  shift  imparted  to  the  second  wave  form  with  each 
iteration.  Because  the  auto  correlation  function  is  computed  in  this 
manner,  it  is  obvious  that  the  greatest  positive  value  of  the  function 
occurs  when  the  two  wave  forms  are  in  phase,  and  the  greatest  negative 
value  occurs  when  the  wave  forms  are  180  degrees  out  of  phase,  (see 
figure  13) 
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The  cross  correlation  function  is  computed  in  the  same  manner  as 
the  auto  correlation  function  except  that  the  inputs  are  different  wave 
forms.  The  cross  correlation  is  a graph  of  the  similarity  of  two  wave 
forms  as  a function  of  the  time  shift  between  them,  (see  figure  14) 

By  its  very  nature,  it  contains  only  those  frequencies  common  to  both 
j wave  forms.  This  function  was  applied  as  a neurological  signal  process- 

, ing  technique  during  this  study  to  determine  the  time  delay  between  a 

flash  of  the  strobe  light  and  the  evoked  response  to  the  flash  in  the 

1 

brain.  This  time  delay  for  brain  waves  has  been  called  through-put 
latency  or  through-put  speed  (TPS). 

The  primary  problem  in  determining  through-put  latency  using  the 
cross  correlation  function  is  that  the  peak  value  of  the  function 
I recurs  at  intervals  equal  to  the  period  of  the  reference  wave  form  - 

the  strobe  signal.  From  the  cross  correlation  of  an  EEG  sample  with  a 
single  frequency  strobe  input,  it  is  impossible  to  determine  which  peak 
represents  the  true  through-put  latency  of  the  brain.  By  comparing  peaks 
of  cross  correlation  functions  of  EEG  samples  at  several  discrete 
frequencies  for  a conmon  peak,  however,  the  through-put  latency  can  be 
estimated.  Although  the  peaks  repeat  in  each  separate  correlogram  (the 
cross  correlation  between  a neurological  signal  and  a strobe  reference 
signal)  at  intervals  equal  to  the  period  of  the  strobing  frequency,  with 
varying  strobe  frequencies,  and  hence  varying  periods,  a common  peak 
will  occur  in  each  correlogram  at  the  point  equal  to  the  through-put 
latency.  This  technique,  developed  by  Midshipman  Michael  Olson  in  1974, 
is  based  upon  the  assumption  that  the  through-put  latency  is  a constant 
within  the  frequency  range  of  approximately  11  to  20  The  study 
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Illu-stration  of  the  process  of  constructing  the  auto-corrclation  function 
of  a swept-frcqucncy  waveform. 


FIGURE  13  - The  Auto  Correlation  of  a Swept  Waveform* 


Tlic  upper  two  traces  represent  the  waveforms  Iteing  ero.ss eorrclatcU. 
The  iKiltom  trace  is  the  crossrorrelatlon  fiinetioii;  the  maximum  in  it  shows  that 
• ; for  the  in(lieaU*<l  value  of  lime  shift  there  Is  a marked  similarity  between  the 

waveforms,  even  though  this  Is  barely  visible  to  the  eye. 

( ! FIGURE  14  - The  Cross  Correlation  of  Two  Different  Waveforms* 


♦Ref:  N.  A.  Anstey,  "Correlation  Techniques  - A Review,"  Journal  of  the 
Canadian  Society  of  Exploration  Geophysicists.  Vol.  Z,  fio.  1, 
December 
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described  herein  further  attempted  to  determine  if  the  through-put  latency 
could  also  be  obtained  by  summing  the  correlograms  produced  from  an  EEG 
signal  and  either  several  discrete  strobing  frequencies  or  a strobe 
signal  swept  through  a particular  range  of  frequencies.  Applying  signal 
simulations  to  the  SD-360,  it  was  determined  that  if  the  through-put 
latency  was  indeed  frequency  independent  in  the  range  of  interest,  the 
through-put  latency  would  appear  at  the  greatest  positive  value  of  the 
cross  correlation  function. 

The  waterfall  display  capabilities  of  the  SD-360  were  developed  to 
present  successive  four  second  averages  of  the  auto  spectrum  during  the 
256  seconds  of  strobing  activity.  Although  the  dynamic  range  of  the 
display  was  drastically  reduced  and  absolute  magnitude  information  was 
unavailable  in  the  waterfall  mode,  evoked  neurological  activity  became 
quite  apparent  when  the  evoked  potentials  exceeded  non-excited  levels  of 
activity  in  the  brain,  (see  figure  15)  The  display  was  further  used 
as  a general  indication  of  the  responsiveness  of  the  brain  to  the  visual 
stimulus.  The  waterfall  display  is  incapable,  however,  of  providing 
information  concerning  phase  relationships  between  the  input  strobe 
signal  and  the  evoked  response  in  the  brain. 

IDENTIFICATION  OF  SUBJECTS 

At  the  inception  of  this  project,  it  was  assumed,  based  upon  the 
investigator's  experience  as  a flight  instructor,  that  a significant 
degradation  in  pilot  performance  could  be  induced  using  low-time,  private  | 

pilots  during  a simulated  instrument  flight  of  approximately  one  hour  in 
duration.  This  assumption  was  considered  valid  by  many  other  experienced  | 

I 
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FATIGUED 

NOTE:  Magnitude  of  Mode  and  60  Peaks  and  Subject's 

Response  to  Strobe  Fundamental  and  First  Two 
Harmonic  Frequencies 


RESTED 

NOTE:  Increase  In  High  Frequency  Activity  has  Buried 
Mode  and  60  H^  Signals  and  Response  to  Strobe  is 
Not  Apparent 

FIGURE  15  > Rested  and  Fatigued  Auto  Spectrum: 

Waterfall  Display  of  Neurological  Activity 
During  Log-Sweep  of  Strobe 

(NOTE:  Same  Subject,  Same  Scales  - 10  Hj/Di vision) 
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aviators  and  flight  instructors  as  well.  Preliminary  testing,  however, 
did  not  produce  the  levels  of  degradation  (between  10  and  30  percent) 
desired  in  this  study. 

It  was  further  assumed  that  experienced  aviators  would  be  capable 
of  flying  longer  instrument  flights  than  low-time  pilots  before  equivalent 
levels  of  degradation  In  pilot  performance  would  occur.  Although  this 
assumption  proved  to  be  valid,  the  test  plan  finally  adopted  was  capable 
of  inducing  equivalent  levels  of  degraded  pilot  performance  In  both 
experienced  and  unexperienced  aviators. 

For  the  reasons  stated  here,  and  because  of  time  and  scheduling 
constraints  at  the  Naval  Academy,  it  was  decided  that  eight  civilian 
pilots  from  the  Brigade  of  Midshipmen  and  four  fleet  aviators  from  the 
Naval  Academy  staff  would  form  the  group  of  subjects  used  for  this  study. 

DEVELOPMENT  OF  THE  EXPERIMENTAL  TEST  PLAN 

There  Is  little  that  can  be  done  to  prevent  accidents  resulting 
from  pilots  undertaking  tasks  above  their  normal  level  of  flying  skills. 
However,  most  of  the  National  Transportation  Safety  Board  (NTSB)  accident 
reports  citing  "pilot  fatigue"  as  a significant  factor  Involved  flight 
operations  normally  within  the  pilot's  capabilities.  It  was  therefore 
decided  to  place  the  emphasis  of  this  study  upon  the  examination  of 
pilot  neurological  changes  as  Individual  pilot  performance  degraded. 

It  was  further  decided  that  the  difficulty  of  the  problem  given  to 
each  subject  should  be  varied  In  order  to  achieve  approximate  equality 
In  terms  of  the  mental  difficulty  of  the  problem.  This  was  done  by 
changing  the  stability  and  performance  characteristics  of  the  aircraft 
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used  and  by  varying  the  types  of  flight  operations  required  cf  each 
subject  based  upon  his  level  of  pilot  skills.  The  difficulty  of  the 
problem  remained  unchanged,  however,  during  each  graded  portion  of  the 
flight. 

In  order  to  achieve  approximately  equal  mental  problems  for  each 
member  of  the  test  group,  the  researcher  varied  the  difficulty  of  the 
flying  problem  in  order  to  force  each  pilot's  rested  flight  performance 
grade  into  the  range  of  50-95  percent  in  accordance  with  the  grading 
system  outlined  in  this  chapter.  The  underlying  assumption  is  that  all 
pilots  in  an  environment  where  their  performance  is  being  monitored  by 
a flight  instructor  will  attempt  to  maintain  established  military  or 
FAA  standards  as  appropriate  to  their  background.  The  assumption  has 
yet  to  be  proven,  as  the  proof  involves  many  complex  variables  such  as 
age,  aviation  background,  motivation,  and  current  experience.  However, 
the  experience  of  many  flight  instructors  and  FAA  examiners  and  the 
applicability  of  the  Hawthorne  effect  - i.e. , subject  performance 
improves  in  a testing  environment  - tend  to  support  the  validity  of  the 
assumption. 

Having  decided  upon  the  basic  principles  and  objectives  governing 
the  experimental  portion  of  this  project,  a basic  test  plan  was  conceived 
and  modified  through  several  iterations.  Although  it  was  originally 
intended  that  each  subject  make  a single  flight  In  the  simulator  of 
j|  sufficient  duration  that  his  performance  at  the  end  of  the  flight  was 

significantly  (more  than  10  percent)  different  from  the  beginning,  it 
I was  found  that  the  time  required  to  obtain  these  results  was  prohibitively 

long  (in  excess  of  3 hours).  Flights  at  such  duration  were  impractical 

I 

fi 


at  the  Naval  Academy  because  of  scheduling  problems.  An  alternative 
solution  was  therefore  formulated. 
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Assuming  that  a pilot's  neurological  activity  during  periods  of 
rested  and  degraded  performance  was  the  key  element  in  determining  the 
relationship  between  individual  pilot  performance  and  neurological  func- 
tions, it  was  decided  that  activities  between  these  two  periods  of 
interest  was  irrelevent  to  the  question  at  hand.  The  activities  of  each 
subject  during  this  period  were  noted  by  the  researcher,  but  by  allowing 
this  activity  to  be  somewhat  random,  chances  of  similar  changes  in  aviator's 
neurological  activity  being  related  to  the  interim  activity  rather  than 
pilot  performance  were  reduced. 

It  was  determined  through  preliminary  investigation  that  significant 
degradations  in  pilot  performance  could  be  induced  by  requiring  subjects 
to  remain  awake  during  the  period  from  6 P.M.  until  6 A.M.  prior  to 
their  being  retested.  This  effect  was  partly  enhanced  by  the  structured 
nature  of  Naval  Academy  life.  It  was  further  found  that  the  effect 
became  most  pronounced  during  flights  in  a simulated  night  instrument 
flight  environment. 

Applying  the  assumptions  and  results  of  preliminary  investigation 
to  the  original  test  plan,  a final  version  of  the  experimental  procedure 
was  derived.  Subjects  were  first  tested  in  a rested  state  during  the 
evening  7-9  P.M.  after  a day  of  normal  activity  and  then  required  to 
remain  awake  until  they  were  again  tested  the  following  morning  at  6 A.M. 

All  testing  was  conducted  in  a simulated  night  instrument  flight 
environment  with  the  stability  of  the  aircraft  and  the  difficulty  of 
the  problem  the  same  for  both  testing  periods.  The  investigator  tailored 
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the  difficulty  of  the  problem  to  each  subject  based  upon  his  knowledge 
of  the  subject's  aviation  background  in  order  to  keep  the  rested  flight 
performance  grades  at  all  subjects  within  the  range  of  50-95  percent. 

IMPLEMENTATION  OF  TEST  PROCEDURES  AND  DATA  COLLECTION 

The  testing  of  subjects  using  the  test  plan  described  previously 
took  place  over  a three  week  period.  The  development  of  the  testing 
equipment  and  experimental  test  procedures  had  taken  six  months. 

Each  subject  reported  to  the  flight  simulation  lab  for  rested  per- 
formance testing  between  7 P.M.  and  9 P.M.  after  normal  daily  activities. 
At  this  point  the  objectives  of  the  project  were  explained  and  a short 
pre-flight  briefing  conducted  while  the  electrodes  were  being  placed  upon 
the  subject's  scalp.  The  pilots  were  told  that  their  performance  was 
determined  by  the  precision  with  which  they  followed  the  desired  flight 
path  as  indicated  by  their  instruments.  The  investigator  determined  the 
aircraft  performance  parameters  and  pilot  operations  briefed  based  upon 
the  experience  of  the  aviator  being  tested,  the  objective  being  to 
establish  a rested  flight  performance  grade  between  60  and  95  percent. 

After  the  pilot  was  thoroughly  briefed,  he  was  placed  in  the 
simulator,  the  electrodes  were  connected  to  the  EEG  recording  system,  and 
the  room  lights  were  turned  out.  After  allowing  the  subject  approximately 
three  minutes  to  become  settled  in  his  new  environment,  the  researcher 
recorded  256  seconds  of  resting  EEG  data  with  the  subject's  eyes  closed 
and  256  seconds  of  EEG  data  while  the  subject  was  being  flashed  with  the 
strobe.  The  strobing  took  place  with  the  pilot's  eyes  closed,  looking 
through  the  eyelids  in  the  direction  of  the  strobe.  The  frequency  of 
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the  strobe  was  logarithmically  swept  between  13  and  26  (one  octave) 
in  order  to  produce  a uniform  input  power  spectrum  over  the  256  seconds 
at  recorded  strobing  activity.  At  the  same  time  the  subject's  neurolog- 
ical activity  was  being  recorded,  the  power  spectrum  of  the  left  and 
right  hemisphere  signals  were  computed,  averaged,  and  recorded  in  hard 
copy  form  using  the  SD-360. 

After  the  pilot's  resting  neurological  activity  was  recorded,  he 
opened  his  eyes,  started  the  aircraft,  and  began  the  simulated  night 
instrument  flight  as  briefed.  The  first  twenty  to  thirty  minutes  of  the 
flight  were  ungraded  and  used  to  familiarize  the  aviator  with  the  air- 
craft and  his  environment.  During  the  next  twenty  to  thirty  minutes, 
three  256  second  samples  of  pilot  performance  and  neurological  activity 
were  averaged  and  recorded  while  the  pilot  performed  the  activities 
briefed  prior  to  the  flight.  The  pilot  landed  the  aircraft  after  the 
graded  portion  of  the  flight,  was  debriefed  in  the  manner  of  most 
supervised  flights,  and  the  electrodes  were  removed  from  the  scalp. 

After  the  first  testing  period,  the  subject  was  required  to  remain 
awake  through  the  night  until  he  was  again  tested  using  the  same  proce- 
dures as  for  the  rested  flight  at  approximately  6 A.M.  the  following 
morning.  The  fatigued  testing  procedure  was  identical  to  the  rested 
procedure  with  the  exception  that  in  performing  the  pre-briefed  flight 
operations  a right  turn  might  be  substituted  for  a left  turn  or  a climb 
for  a descent.  Personal  bias  was  removed,  however,  by  including  equal 
numbers  of  right  and  left  turns,  and  climbs  and  descents  in  the  graded 
portion  of  the  flight. 
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Although  allowed  to  engage  in  activities  of  their  choice  during  the 
period  between  rested  and  fatigued  testing,  most  subjects  used  the  time 
to  pursue  academic  activities  such  as  reading,  completing  homework,  or 
grading  quizzes.  The  subjects  were  not  allowed  to  drink  alcohol  but 
were  allowed  to  drink  coffee  or  soft  drinks.  Excessive  physical  exercise 
was  also  discouraged  to  reduce  the  effects  of  physical  fatigue  upon  the 
subject's  neurological  activity  (see  Trident  Scholar  Report  #69,  1974). 

ANALYSIS  OF  COLLECTED  DATA 

Using  the  cassette  recordings  of  each  subject's  neurological  activity 
and  the  hard  copy  records  obtained  on-line,  the  following  functions 
were  evaluated  using  the  SD-360: 

(1)  the  auto  spectrum  (power  spectrum)  from  zero  to  180  for 
both  left  and  right  hemispheres  of  the  brain,  while  (a)  inactive,  eyes 
closed;  and  (b)  flying  the  aircraft,  eyes  open,  during  each  256  second 
graded  period  (see  figure  16). 

(2)  the  cross  correlation  between  the  strobe  signal,  log-swept  for 
256  seconds  from  13  to  26  and  both  the  left  and  right  hemispheres 
of  the  brain  (see  figure  17). 

(3)  the  coherence  of  an  evoked  response  in  both  hemispheres  in  the 
brain  triggered  by  strobe  pulses  during  the  256  second  log  sweep  (see 
figure  18). 

(4)  the  waterfall  display  of  the  subject's  left  and  right  auto 
spectrum  during  the  256  second  strobe  log  sweep  (see  also  figure  15). 
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FIGURE  18  - Coherence  Function  Relating  Swept  Strobe  Pulse  to  the  Evoked  Response  in  the  Brain 
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CHAPTER  IV.  RESULTS  AND  DISCUSSION 

flight  performance  analysis 

This  study  determined  that  It  is  possible  to  quantify  various 
elements  of  pilot  performance  using  the  techniques  outlined  in  Chapter 
II  of  this  report.  Pilot  performance  data  collected  during  the  execution 
of  the  experimental  test  plan  further  indicated  that  it  was  possible  to 
force  initial  (rested)  pilot  performance  grades  into  the  range  from  50  to 
95  percent  by  adjusting  the  difficulty  of  the  problem  for  each  subject. 
Fatigued  grades  however,  depended  upon  the  individual's  ability  to 
compensate  for  lack  of  sleep. 

Table  2 tabulates  the  four  elements  comprising  the  overall  Flight 
Performance  Grade  (FPG)  for  each  subject.  Table  3 presents  the  combined 
FPG's  in  addition  to  the  ratio  of  fatigued  to  rested  grades  and  the 
percent  difference  between  the  two.  Had  the  investigator  had  the  time 
to  become  more  familiar  with  the  aviation  background  and  skills  of  each 
subject,  it  is  anticipated  that  initial  grades  could  have  been  forced 
into  a band  less  than  ten  percent  in  width.  Yet  the  value  of  this 
capability  would  be  of  questionable  utility  as  no  research  has  been 
conducted  to  determine  if  any  correlation  exists  between  the  rested  FPG 
and  the  mental  difficulty  of  a pilot's  problem. 

It  is  significant  to  note  that  although  each  subject  was  deprived 
of  approximately  the  same  amount  of  rest,  the  changes  in  individual 
pilot  performance  are  not  at  all  similar.  This  observation  tends  to 
support  the  original  premise  that  arbitrary  pilot  duty  cycle  criteria 
are  inadequate  to  insure  safe  pilot  operations  under  all  circumstances. 


TABLE  2 INDIVIDUAL  ELEMENTS  OF  PILOT  PERFORMANCE  DATA 
(In  Percentage  Scores) 
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Each  individual  reacts  to  a particular  set  of  circumstances  In  his  own 
unique  manner. 

The  preliminary  Investigation  leading  to  the  development  of  the 
final  test  plan  also  revealed  the  significance  of  the  Hawthorne  effect 
in  relation  to  this  study.  If  the  pilot  in  any  way  perceived  that  his 
performance  was  being  monitored  by  the  flight  performance  analysis 
system,  his  performance  improved  dramatically.  Familiarity  with  the 
limitations  of  the  system  used  for  this  project  allowed  some  pilots  to 
achieve  artificially  high  FPG's  by  "playing"  the  simulator  "like  a 
pinball  machine."  Improvements  in  the  test  plan  removed  this  advantage, 
however,  by  preventing  the  pilot  from  knowing  which  flight  instruments 
and  what  portions  of  the  flight  were  being  monitored.  Pilot  briefings 
prior  to  test  flights  gave  the  impression  that  performance  monitoring 
was  continuous  throughout  the  flight  using  all  instrument  indications 
appropriate  to  the  maneuver  in  progress.  This  modification  to  the  test 
plan  appeared  to  produce  more  uniform  pilot  performance  throughout  the 
test  flight  and  eliminate  the  tendency  of  the  subjects  to  "play  the  machine." 
Although  there  was  no  way  to  determine  if  overall  pilot  performance 
improved  as  a result  of  the  Hawthorne  effect,  such  an  improvement  should 
not  detract  from  the  validity  of  the  observed  pilot  performance  data 
provided  the  pilot's  attitude  toward  the  flight  test  remained  the  same 
while  rested  and  fatigued.  On  the  contrary,  such  an  effect  would  provide 
a good  indication  of  the  pilot's  maximum  level  of  performance  for  his 
current  neurological  state. 

Another  significant  effect  observed  in  the  development  of  the  pilot 
performance  analysis  portion  of  this  project  was  related  to  the  pilot's 
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learning  curve.  When  presented  a relatively  new  task,  most  subjects 
tended  to  operate  on  the  most  vertical  portion  of  the  learning  curve 
and  performance  improved  significantly  from  one  flight  to  the  next  and 
even  during  a single  flight  in  spite  of  fatigue  effects.  For  this  reason, 
it  was  necessary  to  design  flights  composed  of  elements  familiar  to  the 
test  subject  both  in  terms  of  principles  and  recent  experience  in  order 
to  force  pilot  operations  along  the  relatively  level  portions  of  the 
learning  curve. 

It  is  important  to  note  that  each  of  these  observations  is  strictly 
limited  by  both  physical  constraints  and  the  subjective  nature  of  many 
of  the  required  assumptions.  The  small  sample  size  (ten  subjects)  and 
the  time  limitations  involved  (only  two  flights  of  approximately  one 
hour  in  duration)  in  this  study  do  not  provide  enough  information  to 
statistically  analyze  pilot  performance  according  to  groups  of  various 
experience  levels  and  aviation  backgrounds.  Nor  does  the  sample 
necessarily  represent  a cross  section  of  the  aviation  community  as  a 
whole. 

The  analysis  of  altitude  data  alone  further  limits  the  validity  of 
pilot  performance  data  by  examining  only  one  of  the  parameters  describ- 
ing the  flight  path  of  an  aircraft.  The  assumption  must  be  made  that 
an  aviator's  attitude  toward  altitude  control  relative  to  other 
indications  of  flight  path  control  remains  unchanged  for  this  information 
to  be  valid. 

Finally,  the  pilot  performance  Information  obtained  from  this  study 
was  limited  by  the  subjective  nature  of  the  criterion  function  used  to 
compute  the  overall  Flight  Performance  Grade.  Non-uni formites  in  pilot 
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training  programs  made  it  necessary  to  make  allowances  for  differences 
in  pilot  attitudes  among  the  subjects  tested.  Bias  and  deviation 
information  were  included  with  absolute  tolerance  data  in  computing  the 
FPG.  Further,  because  altitude  information  describes  the  aircraft 
flight  path  in  the  vertical  plane  alone,  an  instructor's  subjective 
evaluation  was  required  to  include  any  gross  safety  errors  made  in  a 
horizontal  plane  or  in  operational  procedures.  The  criteria  function 
described  in  Table  1 of  Chapter  II  represents  a consensus  of  attitudes 
among  several  experienced  military  and  civilian  aviators  in  applying 
significance  to  each  element  of  flight  path  control.  By  its  nature,  the 
function  assigns  high  grades  for  safe  and  precise  flight  path  control 
and  low  grades  for  unsafe  and  poor  control  with  safety  being  paramount 
in  both  cases.  The  function  further  tends  to  emphasize  changes  in 
flight  path  control  to  make  degraded  pilot  performance  readily  apparent. 
Therefore,  in  spite  of  the  fact  that  the  criterion  function  is  subjective 
in  nature,  it  is  not  without  logical  and  objective  basis.  However,  it 
must  still  be  considered  a limiting  factor  in  determining  the  validity 
of  the  pilot  performance  data  in  this  study. 

NEUROLOGICAL  SIGNAL  ANALYSIS  AND  CORRELATION 

Figures  16  - 18  depict  actual  copies  of  neurological  records 
analyzed  using  the  Auto  spectrum, Cross  correlation,  and  Coherence  functions 
respectively.  Various  quantities  measured  from  these  hard  copy  records 
are  presented  in  Table  4. 
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From  resting  Auto  (power)  Spectrum  records,  the  amplitude  of  the 
subject's  mode  frequency  was  measured  in  microvolts.  The  mode  frequency 
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is  a characteristic  low-frequency  (generally  8-13  H^)  peak  in  an 
individual's  neurological  power  spectrum.  The  mode  is  most  probably 
caused  by  the  periodic  charging  and  discharging  of  brain  cells  not 
actually  being  used  for  their  primary  function. As  an  individual 
closes  his  eyes,  for  example,  the  average  magnitude  of  the  mode  builds 
as  cells  normally  used  in  the  optic  sensory  system  no  longer  perform 
that  function  but  continue  to  exchange  electrical  charges  at  the  mode 
frequency,  (see  figure  15)  Little  correlation  was  found  between  changes 
in  the  mode  and  pilot  performance  (the  correlation  coefficient,  r^  = .53 
and  r = .54  for  left  and  right  hemispheres  respectively),  (see  figure  19) 

The  frequency  of  the  mode  was  also  noted,  as  was  an  estimate  of  the 
average  dB  (decibel)  difference  between  rested  and  fatigued  spectrum  in 
the  range  from  60  to  180  (Note  that  on  these  spectral  plots  micro- 
volts can  be  read  from  the  logarithmic  scale  and  dB  from  a linear  scale.) 

It  was  found,  however,  that  the  frequency  of  an  individual's  mode 
generally  remained  unchanged  with  fatigue  and  that  there  existed  practi- 
cally no  correlation  (r  = .264  and  r = .009  for  left  and  right  hemispheres 
respectively)  between  percent  changes  in  pilot  performance  and  dB  changes 
in  high  frequency  neurological  activity,  (see  figures  20  and  21)  As 
the  microvolt  levels  of  high  frequency  activity  continued  to  roll  off, 
there  was  no  means  of  expressing  these  changes  in  absolute  terms  or  ratios. 

Analysis  of  recorded  data  further  revealed  that  because  of  some 
unknown  process  by  which  the  brain  responds  to  the  strobe  pulse,  the 
strobing  technique  failed  to  consistently  produce  a single  maximum 
peak  in  the  cross  correlation  function.  Instead,  there  were  generally 
three  large  peaks  of  nearly  equal  magnitude  provided  with  approximately 


FIGURE  19 


Percent  Pilot  Performance  Degradation 
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60  msec,  spacing  (1/60  msec  = 16.5  - the  mean  frequency  in  the 

typical  range  of  greatest  coherence  function  values  between  peaks). 

, It  was  therefore  impossible  to  determine  conclusively  from  a single 

cross  correlation,  the  time  delay  between  a strobe  pulse  and  the  corre- 
sponding evoked  response  in  the  brain. 

Anticipating  the  existence  of  a relationship  between  changes  in  the 
coherence  function,  the  cross  correlation,  and  pilot  performance,  the 
peak  to  peak  value  of  the  cross  correlation  function  was  determined  for 
the  range  of  0 to  400  msec,  (see  Table  5)  Analysis  of  this  data  using 
a computer  program  available  at  the  Naval  Academy  produced  a polynomial 
equation  relating  changes  in  cross  correlation  amplitudes  to  changes  in 
I pilot  performance  with  a correlation  coefficient  of  r = .80.  (see 

figure  22)  Using  the  same  program,  another  polynomial  fit  was  obtained 
relating  changes  in  coherence  function  values  to  pilot  performance  with 
a correlation  coefficient  at  r = .80.  (see  figure  23)  The  coherence 
function  data  used  to  obtain  this  correlation  tabulated  represent  only 
rough  approximations  of  the  mean  value  of  the  function  over  the  swept 
region.  More  accurate  values  could  be  obtained  by  normalizing  the 
integral  of  the  function  over  the  desired  frequency  range. 

As  in  the  case  of  pilot  performance  analysis,  the  validity  of  the 
neurological  data  obtained  during  this  study  is  limited  by  the  small 
size  of  the  group  of  aviators  tested  and  the  inability  to  test  a subject 
more  than  once  because  of  time  constraints.  The  results  of  the  study 
are  further  limited  in  that  the  correlations  developed  represent  a 

i 

relationship  between  changes  in  an  individual  pilot's  pre-flight 
neurological  state  and  potential  pilot  performance.  However,  in-flight 
I neurological  records  of  each  subject  are  available  for  future  analysis. 


*Re1ative  units  of  magnitude 
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The  value  of  the  recorded  neurological  data  is  also  limited  by 
the  very  nature  of  the  data  itself.  The  decision  to  use  a flashing 
strobe  to  evoke  responses  in  the  brain  during  neurological  testing  was 
based  upon  previous  research  and  equipment  constraints.  The  use  of  the 
strobe  gave  meaning  to  the  application  of  the  cross  correlation  and 
coherence  functions  to  neurological  signal  analysis.  The  frequency 
range  (one  octave)  was  determined  by  limitations  of  the  coherence  function 
algorithm  on  the  SO-360;  while  the  sweep  rate  (one  octave/256  seconds) 
was  determined  by  the  time  required  for  the  SAI-43  to  produce  a meaning- 
ful pilot  performance  record.  The  sweep  limits  (13  - 26  H^)  were  based 
upon  coherence  function  data  to  include  those  frequencies  at  which  most 
individuals  appeared  to  respond  best  to  the  strobe  stimulus.  Optimum 
techniques  for  measuring  and  recording  neurological  signals  have  yet 
to  be  determined. 
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CHAPTER  V.  CONCLUSIONS 

As  a result  of  this  study,  the  following  accomplishments  were 
realized: 

1)  A new  and  unique  system  was  developed  for  quantifying  pilot 
performance. 

2)  A system  was  developed  for  monitoring  and  recording  pilot 
neurological  functions  in  a cockpit  environment.  The  system  did  not 
impair  the  pilot's  ability  to  fly  the  aircraft  and  had  the  capability  of 
being  used  in  both  flight  simulators  and  real  aircraft. 

3)  The  components  of  the  two  systems  described  above  were  success- 
fully integrated  in  order  to  provide  control  by  a single  individual  in 

executing  the  project  test  plan.  ^ 

4)  Significant  changes  in  pilot  performance  and  neurological  functions 

were  observed  as  a result  of  the  execution  of  the  experimental  test  plan.  j 

Pilot  performance  was  generally  degraded  as  a result  of  sleep  deprivation 

holding  all  other  factors  as  constant  as  possible.  It  is  therefore 

logically  inferred  that  the  observed  degradation  in  pilot  performance 

were  a result  of  the  subject's  "mentally  fatigued"  state.  ^ 

I 

5)  An  apparent  trend  relating  changes  in  a pilot's  pre-flight  | 

neurological  state  to  changes  in  his  subsquent  flight  performance  was 

observed  and  a polynomial  fit  to  the  data  representing  this  trend  was  | j 

developed.  I 

I , 

6)  In  accomplishing  point  number  five,  the  ground  work  was  laid  for  ^ 

further  investigation  into  the  possibility  of  predicting  pilot  performance  | 

based  on  a comparison  of  the  pilot's  current  neurological  state  to  a 

I 

I 


I 
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previously  recorded  baseline  and  developing  neurological ly  based 
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criteria  for  pilot  duty  cycles. 
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CHAPTER  VI.  RECOMMENDATIONS 

As  a result  of  observations  made  during  the  course  of  this  study, 
the  following  recommendations  are  made  as  a guide  to  further  research  in 
this  area: 

PILOT  PERFORMANCE  ANALYSIS 

1)  With  respect  to  the  system  developed  and  used  for  this  study, 
research  should  be  conducted  to  determine  optimum  weighting  and  normal- 
izing criteria  to  produce  the  best  possible  correlation  between  computed 
pilot  performance  grades  and  actual  pilot  performance  (i.e.,  how  well 
does  the  FPG  approximate  the  pilot's  ability  to  track  the  desired  flight 
path). 

2)  An  automated  version  of  the  system  used  in  this  project  should  be 
developed.  The  system  could  utilize  preset  selector  buttons  to  auto- 
matically null  correct  instrument  indications  to  zero  when  selected. 

Such  modifications  would  vastly  improve  the  present  system  and  allow  a 
single  operator  the  capability  of  monitoring  and  recording  all  the 
parameters  appropriate  to  the  flight  regime  being  observed.  These  mod- 
ifications, combined  with  the  explanation  of  the  system  grading  criteria 
to  each  subject  would  make  the  criteria  grading  function  a purely 
objective  system. 

3)  A monitoring  system  having  the  same  capabilities  as  point  2)  of 
this  section  should  be  designed  for  military  and  commercial  training 
aircraft.  The  system  should  provide  the  flight  instructor/examiner  with 
the  capability  of  recording  pilot  performance  records  on  cassette  tape 
for  post'flight  analysis  on  the  ground. 
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NEUROLOGICAL  SIGNAL  PROCESSING 

1)  Because  of  the  significant  changes  noted  in  an  individual's 
neurological  functions  as  a result  of  sleep  deprivation  it  is  recommended 
that  in  future  investigations,  subjects  be  tested  more  than  once  at  each 
desired  physiological  state  to  determine  the  reproducibility  of  recorded 
neurological  data.  Research  should  be  conducted  to  determine  the  validity 
of  classifying  an  individual's  neurological  characteristics  based  upon  a 
single  "baseline"  observation. 

2)  From  neurological  data  collected  using  the  procedures  outlined 
for  this  study,  the  significance  of  high-frequency  coherence  (above  the 
swept  region  of  the  fundamental  strobe  frequencies)  should  be  investigated. 
Particular  emphasis  should  be  placed  upon  examining  response  at  the 
higher  harmonic  frequencies  of  the  strobe  repetition  rate. 

3)  The  significance  of  the  triple  peak  effect  in  the  cross  correlation 
function  between  a logarithmically  swept  strobe  and  the  corresponding 
neurological  activity  should  be  further  examined.  Signal  simulations 
using  a filtered  pulse  sequence  to  represent  the  strobe  and  the  same 
pulse  delayed  and  burled  in  random  noise  to  represent  the  evoked  response 
in  the  brain  produced,  as  would  be  expected,  a single  large  peak  in  the 
cross  correlation  function.  The  location  of  this  peak  on  the  time  axis 
indicates  the  time  delay  between  stimulus  and  response.  It  is  hypoth- 
esized that  the  triple  peak  effect  is  related  to  variations  in  the  process 
that  transmitts  evoked  responses  through  the  brain.  The  transfer 
function  relating  the  strobe  stimulus  to  its  evoked  response  in  the  brain 
appears  to  be  variable  in  nature,  but  further  research  is  necessary  to 
verify  this  observation. 
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4)  Waterfall  displays  of  auto  spectrum  on  the  SD-360  should  be 
examined  to  determine  a)  the  significance  of  the  display  in  terms  of 
coherence  and  cross  correlation  function  measurements  and  b)  the  optimum 
technique  for  utiliziog  the  display  to  extract  meaningful  information. 

5)  Further  investigation  should  be  conducted  to  determine  optimum 
techniques  for  recording  an  individual's  neurological  activity  with 
primary  emphasis  placed  upon  the  evaluation  of  neurological  functions. 

FURTHER  CORRELATIONS 

1)  The  possibility  of  relationships  between  quantifiable  elements 

of  a pilot's  pre-flight  neurological  activity  not  examined  in  this  study, 
and  potential  pilot  performance  should  be  investigated. 

2)  In-flight  pilot  neurological  data  should  be  examined  to  determine 
the  possibility  of  a correlation  between  a pilot's  performance  and 
neurological  activity  during  the  same  period. 

3)  The  possibility  of  grouping  aviators  according  to  the  effect  of 
various  tasks  upon  neurological  functions  and  pilot  performance  should 

be  investigated.  Such  a study  would  prove  useful  in  providing  scientific 
basis  for  new  pilot  duty  criteria. 

4)  Finally,  the  possibility  of  determining  potential  for  success 
among  aviation  candidates  based  upon  neurological  characteristics  should 
be  examined. 


73 


REFERENCES 

NEUROLOGICAL  SIGNAL  PROCESSING 

1.  Oietsch,  G. , "Fourier-Analyse  von  Elektrencephalogramen  das  Menschen," 

Pflligers  Arch,  ges  Physiol,  (1932)  230:106-112. 

2.  Grass,  A.  M.  and  F.  A.  Gibbs,  "A  Fourier  Transform  of  the  Electro- 

encephalogram," J.  Neurophysiol,  (1938)  1:521-526. 

3.  Cooley,  J.  W.  and  J.  W.  Tukey,  "An  Algorithm  for  the  Machine  Cal- 

culations of  Complex  Fourier  Series,"  Mathematics  of  Computation, 
(April  1965)  19:297-301. 

4.  Bickord,  R.  G. , J.  W.  Billinger,  N.  I.  Flemming  and  L.  Steward,  "The 

Compressed  Spectra  Array  (CAS)  - A Pictorial  EEG,"  Proc.  San 
Diego  Biomed  Symp,  11  (Feb  2-4,  1972)  365-370. 

5.  Callaway,  E.  and  R.  A.  Halliday,  "Evoked  Potential  Variability: 

Effects  of  Age,  Amplitudes,  and  Methods  of  Measurement,"  Electro- 
encephalography and  Clinical  Neurophysiology  (1973)  34:125-133. 

6.  Olson,  M.  P. , "Development  of  Mathematical  Theory  and  Procedures  to 

Accomplish  Neurological  Throughput  Speed  Determination,"  Trident 
SchoJar  Project  Report  #61,  USNA,  Annapolis,  Maryland  (1974), 

7.  Giannatrapani , D. , "Spectral  Analysis  of  the  EEG,"  in  H.  Kuenkel 

and  G.  Dolce  (eds.)  Computerized  EEG  Analysis,  Fischer,  Stuttgard, 
in  press. 

8.  Callaway,  E. , "Psychobiological  Predictors  of  Success  in  a Navy 

Remedial  Reading  Program,  San  Diego  Navy  Personnel  Research  and 
Development  Center  Report  (Dec  1976). 

9.  and  Stone,  G.  C.,  "Evoked  Response  Methods  for  the  Study  of 

Intelligence,"  Agressoloqie  (1969)  10:535-539. 

10.  Brain  Electrical  Potentials  and  Individual  Psychological 

Differences,  New  York:  Grune  and  Stratton  (19/5). 

11.  Call  away , E . , Pyschobiological  Correlates  of  Aptitude  ^ong  Navy 

Recruits,  5an  Diego:  Navy  Personnel  Research  and  Development 
Center  (Feb  1977). 

12.  Gutman,  S. , D.  R.  Skule,  C.  J.  Thompson,  P.  Gloor,  J.  R.  Tues,  and 

W.  F.  Ray,  "Clinical  Applications  of  Spectral  Analysis  and  Extrac- 
tion of  Features  from  Electroencephalograms  with  Slow  Waves  in 
Adult  Patients,"  Electroencephalography  and  Clinical  Neurophysiology, 
(1975)  35:225-235. 

13.  Cohn,  Robert,  M.D.,  Clinical  Electroencephalography.  New  York: 

McGraw-Hill  Book  Company,  Inc  , (1^45)  5-24. 


74 


HUMAN  BEHAVIOR 


1.  Ellinfson,  R.  J.,  "Brain  Waves  and  Problems  in  Psychology," 

Psychological  Bulletin  (Jan  1956)  53:1-34. 

2.  Pribram,  K.  H.,  Brain  and  Behavior  Z - Perception  and  Action, 

(Baltimore:  Penguin  Books,  Inc.  1969)  p.  63. 

3.  Henry,  C.  E. , "Electroencephalographic  Correlates  with  Personality, 

Application  of  Electroencephalography  in  Psychiatry,  ed.  W.  P. 
Wilson,  (Durham:  Duke  Univ.  Press,  1965)  p.  139. 

4.  Nosal , W.  S. , A Primer  for  Counseling  the  College  Male,  (Dubuque: 

Wm.  C.  Brown  Book  Company,  1968)  p.  l36. 

5.  Woods,  W.  A.,  "A  Determination  of  Neurological  Differences  Between 

Individuals  as  Related  to  Their  Psychological/Motivational 
Differences,"  Trident  Scholar  Project  Report  #64,  USNA,  Annapoli 
Maryland. 

6.  Bennet,  W.  F.,  "Human  Perception:  A Network  Theory  Approach," 

Nature,  220  (Dec  1968)  p.  1148. 

7.  Ertl,  J.  P.,  "Evoked  Potentials,  Neural  Efficiency,  and  I.Q.," 

Biocybernetics  of  the  Central  Nervous  System,  ed.  Lome 
D.  Proctor  (boston:  Little,  Brown  and  Company,  1969)  p.  427. 

8.  Hill,  C.  A.,  "An  Analysis  of  the  Relationship  of  Neurological 

Activity  to  Physical  Exertion,"  Trident  Scholar  Report  #69, 

USNA,  Annapolis,  Maryland,  p.  39. 

9.  Callaway,  E.,  "Psychobiological  Correlates  of  Aptitude  Among  Navy 

Recruits,"  Navy  Personnel  Research  and  Development  Center 
Report,  San  Diego,  February  197>  ~ 

10.  Callaway,  E. , "Psychobiological  Predictors  of  Success  in  a Navy 

Remedial  Reading  Program,"  Navy  Personnel  Research  and 
Development  Center  Report,  San  Diego  (Dec  1976). 

Ades,  Marlow  W. , "Encephalographic  Findings  in  Relation  to  Episodes 
of  Altered  Consciousness  in  Aviators,"  Report  from  the  Naval 
School  of  Aviation  Medicine,  Pensacola,  Florida  (Feb  1961). 


75 


PILOT  PERFORMANCE 


1.  FAA  AC  61-series  Flight  Test  Guide  (Part  61  revised),  U.S.  Depart- 

ment of  Transportation,  Federal  Aviation  Administration,  Revised 
(1975). 

2.  Federal  Aviation  Regulations,  Part  135  and  121,  U.S.  Department  of 

Transportation,  Federal  Aviation  Acfcninistration. 

3.  NAVAIR  01-series  NATOPS  Flight  Manual  (Navy  model  F-8J,  F-4J,  A-7E, 

T-28B/C,  CT-39E  aircraft).  Section  10  NATOPS  Evaluation,  issued 
by  authority  of  the  Chief  of  Naval  Operations  and  under  the 
direction  of  Commander,  Naval  Air  Systems  Command. 

4.  A-7E  2F  111  Flight  Simulator  Operator's  Manual,  and  A-7E  NCLT 

Operator's  Manual. 

5 This  information  is  the  result  of  a search  and  inquiry  for  NAVAIR 
instructions  concerning  criteria  for  pilot  grading  involving 
the  Naval  Aviation  Training  Command  units  at  Pensacola,  Florida 
and  the  A-7  aircraft  Replacement  Air  Groups  in  Jacksonville, 
Florida  and  Lemoore,  California. 
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